Timing deficits in schizophrenia have been noted in several behavioral studies. However, the involvement of mediating factors, such as inattention, has not been ruled out as contributing to these effects. Mismatch negativity (MMN)
R esearchers have argued that time processing is a fundamental component of daily goal-oriented behaviors. 1 More specifically, time processing has been associated with the ability to sequence, plan events, and understand "warning signals" that predict later events.
2, 3 Navon argued that our perception of the world consists of a hierarchy of dimensions and that time occupies the highest level of that hierarchy. 4 Given the possible impact of temporal processing dysfunction on cognition and daily behavior, researchers have attempted to understand the role of timing dysfunction in clinical populations for a number of years. Early research assessing timing abilities in individuals with schizophrenia provided the first indicators that time estimation may be dysfunctional in this population. 5 More recent findings suggest that individuals with schizophrenia are impaired on both auditory and visual temporal processing tasks. 6, 7 Limitations including small sample sizes and disparity in tasks described as "temporal processing" measures have made general assertions about time processing difficult. The degree of nontemporal information that has historically been included in timing tasks is a further limitation. Poynter and Homa point out that temporal perception tasks of-
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ten require the subject to attend to nontemporal information, which likely affects temporal processing performance. 8 Specifically, judging the duration of complex stimuli presentation (e.g., words and nonsense words) versus interstimulus intervals or simple stimuli (e.g., duration of blank screen between screens with a dot or cross) significantly affects one's ability to accurately estimate elapsed time. Whether differences in timing performance are due to variations in attentional demands or other cognitive resources, the variability of stimuli utilized across temporal processing tasks may have led to disparate findings on tasks that are theorized to measure the same construct.
In view of these factors, our initial behavioral studies assessed temporal processing by manipulating interstimulus interval durations only, rather than by manipulating the duration of various types of stimuli. 9, 10 Significantly impaired performance was noted in the schizophrenia group across multiple conditions. Specifically, the patient group committed significantly more errors than comparison subjects on a variety of interstimulus interval durations ranging from approximately 15%-25% deviant from the standard interval duration over three interspike interval (ISI) duration conditions (e.g., 500, 1000, and 3000 msec ISI). While these initial findings may represent temporal deficits, they also may reflect other types of dysfunctional processes that contribute to poor performance on behavioral tasks in schizophrenia. Specifically, global deficits in motivation, attention to time-dependent features, and mediating cognitive processes may also affect behavioral performances in schizophrenia. 11 To address these potential confounders and to explore the possibility of a physiological contribution to these deficits, a preattentive physiological measure of brain activity elicited by temporal variations in auditory stimuli was employed in the present study. In addition, participants completed an analogous behavioral task to assess whether behavioral performance is proportional to the physiological measures or whether there is a dissociation between tasks or differing relationships dependent on group membership. Analyzing these relationships may elucidate whether the preattentive processes involved in time processing are the same processes used when making a temporal judgment. Specifically, is the impairment in schizophrenia due to early physiological processing of time information or are deficits only apparent when these individuals are required to actively make decisions regarding their perception of time? Mismatch negativity (MMN) was utilized as a physiological measure of preconscious temporal processing. MMN is elicited in response to infrequent auditory deviant stimuli in the context of recurring standard stimuli. 12 A benefit of MMN is the fact that it is generated in the absence of focused attention or motor response and therefore may be less affected by deficits in other cognitive processes. 13 MMN represents the process of automatic detection of auditory changes in stimuli and exhibits maximal amplitude at frontal and central sites of the scalp, with the main generators located in the auditory and frontal cortices. 12, 14 The frontal contribution to this waveform is hypothesized to represent an involuntary switch of attention to specific changes in the sensory environment. 15 Previous MMN studies have typically involved deviations in pitch, intensity, frequency or duration of tones. 16, 17 However, MMN can also be elicited by changes in interstimulus interval duration, absent of any other changes in the properties of the tone itself. 18 The finding that MMN amplitude is proportional to the relative discriminability of interstimulus interval deviations suggests that MMN corresponds to preattentive neural activity which is subsequently available for the conscious perception of time during temporal discrimination tasks. 19 In schizophrenia, results have overwhelmingly suggested generalized MMN abnormalities. Utilizing various deviant stimulus dimensions, the vast majority of studies have reported reduced MMN amplitude in this patient population 20 while only a few studies have not noted a deficit. 21, 22 It should be noted that in the studies for which there were no differences between groups, a deviant stimulus was utilized and was substantially more dissimilar from the standard than the deviant stimuli used in studies for which differences were noted (e.g., 50% and 60% difference in frequency from standard). This is consistent with the assertion that studies focusing on clinical populations may benefit from inclusion of a wide range of difficulty levels to detect whether dysfunctional performance reflects a gross inability to perform a specific type of task or whether deficits are only noted on more difficult conditions within the same task. 23 The current study explored the relationship between a preattentive measure (MMN) of temporal processing and an analogous behavioral measure. Given that individuals with schizophrenia may be more susceptible to confounding effects of attentional and motivational deficits on behavioral measures, it was hypothesized that a DAVALOS et al.
less robust correlation would exist between MMN indices and behavioral performances in individuals with schizophrenia when matched against comparison subjects. Second, the vast majority of MMN studies have found reduced amplitudes in patients with schizophrenia, suggesting a general cortical auditory information processing deficit. 24 Our study examined performances on a difficult-to-detect deviant and an easy-to-detect deviant to assess whether there is a general impairment in sensory processing of temporal information in schizophrenia or if there are specific MMN amplitude deficits that are only evident when a wider range of deviants is administered.
METHODS

Participants
Participants consisted of 15 subjects who met DSM-IV criteria for schizophrenia, confirmed via a structured interview. 25 Thirty healthy comparison subjects were recruited from the community. Respondents were screened for psychiatric histories. Individuals were excluded for a current diagnosis of major depression, substance abuse, neurological disorders, head trauma, or for any personal or first-degree family member history of psychosis. All subjects gave written consent for participation, as approved by an appropriate Institutional Review Board, and were paid $30 for participation. Given that the use of typical neuroleptics may be associated with adverse effects on timing tasks, only subjects treated with atypical neuroleptics were selected. 26 Fourteen subjects were treated with either olanzapine or risperidone; 1 subject was unmedicated.
Previous research suggests that there may be an effect of age on MMN amplitude. 27 Mean years of age between groups was not significantly different ‫,73.1מס‪(t‬‬ p‫ס‬ 0.18). The mean age of participants in the schizophrenia group was 39.3 years (SD‫,7.01ס‬ range‫55-12ס‬ years). Mean age for comparison subjects was 34.3 years (SD‫,6.01ס‬ range‫55-32ס‬ years).
Mismatch Negativity Procedure
Gold-plated electrodes were attached to the following 10-20 scalp locations: Fz, Cz, Pz, left mastoid, right mastoid. Brain activity evoked by auditory stimuli was referenced to an electrode attached to the nose, bandpass filtered from .05 to 30 Hz, and digitally sampled at 1000 Hz. A ground electrode was attached to the forehead. Eye movements were monitored with electrodes attached above and directly lateral to the left eye. Headphones were used to binaurally present pure tones (1000 Hz, 50 msec in duration) to the subjects. Brain evoked responses were collected in a "passive" condition. Subjects were asked to watch a closed-captioned movie. Participants began watching a movie during set-up and were instructed to continue watching the movie and ignore the tones during the recordings. It should be noted that recently researchers have argued that in some situations, MMN may be modulated by attention. 28 Mü ller et al., suggest that concurrent tasks during MMN recordings that direct attention toward auditory stimuli affect the MMN amplitude. This effect does not appear when subjects are administered a concurrent visual task, such as a silent closed-captioned movie.
Each participant was administered two conditions utilizing either an "easy-to-detect" deviant or "difficultto-detect" deviant. Each condition consisted of 4000 tones with a 500 msec standard interval between tones and a deviant interval occurring on average every 20th interval. In the easy condition, the deviant ISI was 250 msec, representing a 50% change from the standard. In the difficult condition, the deviant ISI was 425 msec, representing a 15% change from the standard. Administration order of "easy" and "difficult" deviant condition were counterbalanced.
MMN Data Analysis
Continuously recorded signals were separated into 500-ms epochs with a 100-ms prestimulus interval relative to timing pulses. Tone onset served as time 0. Baseline correction involved subtracting average voltage of the 100 msec prestimulus interval and was applied to each single trial. Trials for which any channel exceeded (SD‫57ס‬microV) were removed from further analysis. The number of sweeps remaining after artifact rejection did not differ significantly between comparison subjects and schizophrenic subjects for either standard or deviant waveforms (mean total trials for both conditions: comparison subjects ‫ס‬ 4707; schizophrenia subjects ‫ס‬ 4800) (Figure 1 ). Following rejection of artifact, standard and deviant evoked responses were averaged separately off-line for each subject. Standard evoked response averages were subtracted from deviant evoked response averages, and the MMN amplitude was defined as the peak negativity between 140 and 210 msec poststimulus 
Behavioral Procedure
All participants completed a behavioral measure of temporal processing following MMN recordings. In short, subjects compared interval durations in successive pairs of tones. A total of two hundred sets of tones were administered. The first pair of tones in each set was used as a standard interval. Each tone was 50 msec in duration (similar to the MMN paradigm), and the initial time between the first pair of tones was consistently 500 msec. Five hundred milliseconds after the initial pair, the subject heard a second experimental pair of tones. In 100 of the trials, the second interval was similar to the difficult interval used in the MMN paradigm, 15% different from the standard. However, in the MMN paradigm, only deviants 15% shorter than the standard are assessed (e.g., 425 msec compared to 500 msec standard). On the behavioral paradigm, half of the difficult deviants were 75 msec shorter than the standard (e.g., 425 msec) and half DAVALOS et al. 
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Negativity is plotted downward. The insets show the standard (dotted line) and deviant (solid line) group average waveforms at FZ. lV‫ס‬microvolts msec‫ס‬milliseconds of the deviants were 75 msec longer (e.g., 575 msec) than the standard. On the other one hundred trials, the second interval was matched to the easy deviant in the MMN paradigm, 50% different than the standard. Again, unlike the MMN paradigm, in which only deviants 50% shorter than the standard are assessed (e.g., 250 msec), the behavioral paradigm assessed deviant intervals that were both shorter (e.g., 250 msec) and longer (e.g., 750 msec) than the standard. The presentation order for the deviant interval durations was randomized over 200 trials. The subject was asked to manually respond by pressing the "S" key if the second interval was "shorter" than the first and the "L" key if the second interval was longer than the first. 10 Statistical results were analyzed using Student's t tests to determine between-group differences in mean errors on all conditions (e.g., plus or minus 75 msec, plus or minus 250 msec) ( Table 1 ). The schizophrenia group committed significantly more errors across all conditions with no significant differences due to the direction of the temporal deviant (e.g., shorter intervals versus longer intervals).
The behavioral results are presented in relationship to MMN amplitude in Table 2 . 
RESULTS
Mismatch Negativity
To test for possible group (comparison group; schizophrenia patients) differences in the MMN waveform, amplitude and latency were separately analyzed by Greenhouse-Geisser corrected repeated measures ANOVA with electrode (Fz; Cz; Pz) and difficulty ("easy," 250 msec deviant; "difficult," 425 msec deviant) as within-subject factors. Significant main effects were found for electrode (F‫,78.01ס‬ pϽ0.001) and condition (F‫,03.83ס‬ pϽ0.001), where MMN amplitude was generally largest at frontocentral sites (Cz, Fz) and during the easy condition ( Table 3 ). The latter finding is consistent with previous studies demonstrating that a larger temporal deviance in the ongoing stimulus train produces a larger MMN waveform. 29 Main effects for MMN latency were also found for electrode (F‫,64.01ס‬ pϽ0.001) and condition (F‫,46.9ס‬ p‫,)300.0ס‬ where waveforms tended to peak earlier at frontocentral sites and in the easy condition (Table 3) . No effect of group was found for this variable (F‫,210.0ס‬ df‫,1ס‬ 43, p‫.) 19 .0ס‬ This lack of significant group difference in latency suggests that the differences in MMN amplitude noted between groups reflect the ERP activity associated with detection of the deviant stimuli rather than a general deficit related to processing the auditory stimuli.
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Behavioral Performance Data
Comparison subjects performed considerably better than the patients on both conditions (p Ͻ0.000). However, a proportional relationship between MMN amplitude elicited by temporal variation and perceptual threshold for temporal cues measured via behavioral response was noted only on the difficult deviant. Additionally, this linear relationship only existed for the com- parison group on the total behavioral errors for the difficult deviant and the analogous minus 75 msec behavioral deviant (r‫;63.0ס‬ pϽ0.05). Specifically, reduced MMN amplitude is related to lower percentage of correct behavioral responses on the difficult deviant. However, in the schizophrenia group, the relationship between behavioral performance and MMN amplitude was not as clear (r‫;82.0ס‬ r‫.)11.0ס‬ There were no statistically significant correlations between MMN amplitude and behavioral errors for the easy deviant condition in either group. The relationship between MMN amplitude and behavior on the easy deviant in the schizophrenia group appeared to be more robust than the relationship on the difficult deviant (Table 2). However, the correlation between errors and MMN amplitude did not reach statistical significance for either the analogous paradigm measuring errors minus 250 msec from the standard or for total errors either plus or minus 250 msec from the standard. It is important to note that the correlation (r‫)82.0ס‬ between behavioral performance and MMN amplitude on the easy condition approached statistical significance in the patient population. Therefore, it cannot be ruled out that in a larger sample of participants with schizophrenia, a stronger trend toward significance on the easy condition would be revealed. In our sample, however, the data suggest that a minority of individuals (N‫)3ס‬ in the schizophrenia group exhibited a linear relationship between behavioral errors and MMN amplitude similar to the comparison group. The majority of individuals made significant behavioral errors even though MMN amplitudes were similar to comparison subjects.
DISCUSSION
In the past, temporal processing has been measured behaviorally in individuals with schizophrenia. Various types of measures assessing temporal perception, temporal estimation and time reproduction have all identified differences in the ability to process time between patients with schizophrenia and healthy comparison subjects. 7, 9, 10, 31 A concern that has arisen regarding behavioral measures of cognition in the study of schizophrenia is that due to possible confounding effects, such as poor motivation or attention, performance on cognitive measures in this population may not truly reflect specific task-related dysfunction. 32 Rather, sustaining attention and motivation throughout the task may affect the outcome on behavioral measures. 33, 34 In an attempt to control for these possible confounders, MMN was utilized to assess temporal processing. To address the differing patterns of results noted in the MMN literature in schizophrenia, we assessed MMN amplitude in response to a "difficult" duration deviant (15%) versus an "easy" duration deviant (50%).
Results suggest that individuals with schizophrenia do exhibit a deficit in temporal processing measured via MMN, consistent with previous research. 35 However, a generalized early processing deficit was not noted. On the electrophysiological measures, poor temporal processing was only noted for the more difficult paradigm. Regarding the relationship between behavioral performance and MMN amplitude, a dissociation was noted between groups. In comparison subjects, a proportional relationship between behavioral temporal processing performance and MMN was noted on the more difficult deviant. However, there was not a clear relationship between behavior and MMN amplitude on the easy deviant. An analysis of the data suggests a ceiling effect regarding the comparison subjects' behavioral performances. While there was a range of amplitude values in this group, there was not a range of errors on the behavioral measure. Of the 30 comparison subjects, 26 either made no errors or a single error out of 200 trials. The remaining comparison subjects made no more than four total errors. Therefore, it is possible that the im-
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proved performance on the behavioral task compared to the physiological measure, which is apparent in a number of the comparison subjects, is due to mediating cognitive factors that can be employed on the behavioral task. It may be that increased vigilance to the task or the development of response strategies may improve behavioral performance in this population.
Behavioral performances by the individuals with schizophrenia appeared to be impaired, regardless of their MMN amplitude, for both the easy and difficult deviants. While there was variability in MMN amplitude within this group, behavioral performances appeared impaired even in individuals with relatively higher MMN amplitudes. Performance on the easy deviant was significantly better than performance on the difficult deviant within the schizophrenia group. However, even though the easy deviant MMN amplitudes were similar to comparison subjects, the number of behavioral errors persisted in this group independent of MMN amplitude. While comparison subjects exhibit improved behavioral performance relative to MMN indices, it may be that behavioral measures are disproportionately affected in the opposite direction in schizophrenia by mediating cognitive variables that may be impaired in this population.
Salisbury et al. suggest that the use of traditional behavioral measures of cognition in conjunction with electrophysiological measures of brain activity allows a unique multifaceted examination of behavior and the underlying processes. 36 Differing patterns of performance on electrophysiological measures and behavioral measures have been noted previously in individuals with schizophrenia. 17, 37 However, using an interstimulus interval deviant on both a behavioral index and an analogous MMN measure has not previously been assessed. The combination of methods in the current study has shed additional light on temporal processing in schizophrenia.
The relationship between MMN and behavioral performance is of particular interest due to the putative lack of confounding cognitive factors associated with MMN measures. Our findings suggest that assessing cognition via behavioral measures and assessing preattentive stimulus processing by MMN measures may lead to disparate findings. Specifically, a dual assessment of electrophysiological indices and behavioral measures may provide insight into how the brain processes information and how the individual interprets that information. While MMN may provide useful insight into the physiological early processing of temporal information, the behavioral assessment complements that knowledge by showing us how temporal processing deficits are manifested on behavioral tasks that may better reflect everyday functioning for the patient.
The current results also suggest that MMN may be ideal when measuring processing on graded tasks. Specifically, a wide range of difficulty levels may allow for examination of differential thresholds in cognitive processes between comparison subjects and schizophrenia patients. Our results do not suggest a generalized MMN generation deficit regarding temporal processing, but rather a select impairment in MMN generation dependent on the level of duration detection difficulty.
Temporal processing is a type of cognition that has been studied, for the most part, at a behavioral level. In other clinical populations, researchers have asserted that time processing likely influences performance on a number of higher level cognitive processes and contributes to behavioral problems that are attributed to other characteristics, such as inattention or impulsivity. 36, 38 Given the possible importance of temporal processing deficits in daily functioning and on behavior, it appears that research assessing temporal processing in schizophrenia is warranted. Our findings suggest that temporal processing is impaired at a very early processing level in schizophrenia. However, the degree of impairment is not clear. Based on performance assessed at two very different levels of difficulty, results suggest that behavioral deficits are present across conditions while physiological processing of the "easy" temporal stimuli is not significantly different from comparison subjects.
One implication is that employing behavioral and physiological measures of cognition may provide greater information about different thresholds in different populations when multiple levels of difficulty are employed. Also, the role of attention, motivation, and/ or other mediating cognitive factors cannot be minimized when examining behavioral indices of cognition in populations that may be more affected by impairments in these areas. In addition, utilizing both methodologies points out the importance in acknowledging that there may be a difference between effects that are assessed physiologically and those that are seen in everyday living.
While the current results shed some light on time processing in schizophrenia, further research is needed that focuses on the specific types of time processing deficits in this population, the physiology related to these deficits and the implications for daily living.
